INTRODUCTION
Plasticity or reorganization refers to the brain propensity to change its structural or functional connectivity in response to environmental demands. The ongoing debate on the nature of the plastic modifications induced by retinal diseases evolving after the critical period of neural development remains to be settled (Espinosa and Stryker, 2012; Martins Rosa et al., 2013; Merabet and Pascual-Leone, 2010; Pascual-Leone et al., 2005; Thomas and Baker, 2013; Wandell and Smirnakis, 2009 ).
Retinitis Pigmentosa (RP) is an inherited progressive degeneration of photoreceptors, starting at the periphery and advancing progressively towards the central retina. Onset age varies from infancy to adulthood. Clinical manifestations include night blindness, tunnel vision, and eventually blindness in advanced stages
ACCEPTED MANUSCRIPT

A C C E P T E D M A N U S C R I P T
4 (Hamel, 2006; Musarella and Macdonald, 2011) . Human studies concerning the effects of peripheral visual loss on visual cortical function are scarce. The majority of previous studies have addressed central visual disorders such as macular degeneration. Given that peripheral and central vision are distinctly processed in the brain (Burnat, 2015; Wang and Yamamoto, 2013) , mechanisms of spatial reorganization might be different depending on whether central or peripheral vision degenerates, warranting the need to study the impact of peripheral visual loss on brain plasticity.
A functional Magnetic Resonance Imaging (fMRI) study (Masuda et al., 2010) assessing three RP patients suggested that task-dependent changes in visual cortical responses may occur in regions corresponding to silent cortical zones matching patients'
scotomata (retinal lesion areas) in primary visual cortex (V1) -the Lesion Projection
Zone (LPZ). That study proposed that response-dependent unmasking of feedback signals is driven from higher order visual areas. Another single case fMRI report of one RP patient found no evidence of functional reorganization in the cortical LPZ (Goesaert et al., 2014) .
Contrasting with RP, macular degeneration mainly affects central vision. Some authors claimed that in this condition the deafferented central cortical neurons in V1 become responsive to inputs from the peripheral retina (Baker et al., 2008; Cheung and Legge, 2005; Dilks et al., 2014 Dilks et al., , 2009 Liu et al., 2010) . However, other studies have questioned such visual cortical reorganization (Baseler et al., 2011b; Boucard et al., 2009; Goesaert et al., 2014; Lešták et al., 2013; Plank et al., 2011; Sunness et al., 2004; Thibaut et al., 2014; Van der Stigchel et al., 2013) .
It is important to point out that the association between structural and functional visual cortical reorganization is also poorly studied. To our knowledge, only two studies analyzed both functional and structural brain alterations due to retinal disorders in the ACCEPTED MANUSCRIPT
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5 same cohort, but only from a cross-modal plasticity point of view (Anurova et al.,
2014; Büchel et al., 1998). In the first study, authors found a negative correlation
between cortical thickness and functional activation during auditory tasks in occipital areas of early blind patients. In the second study, the visual cortical morphology in early and late blind patients was intact but functional activation was found during tactile and auditory tasks. Nonetheless, both studies focused on cross-modal plasticity mechanisms and not in characterizing simultaneously the structure and function of visual cortical regions in the context of specific changes triggered by a retinal disorder. Additionally, the majority of reports on structural changes combine several ophthalmological conditions involving distinct mechanisms, which may hinder the understanding of specific brain changes triggered by a particular disease (Anurova et al., 2014; Boldt et al., 2014; Dietrich et al., 2013; Erika et al., 2014; Lee et al., 2014; Lewald and Getzmann, 2013; Park et al., 2009; Plank et al., 2011; Renier et al., 2013; Wang et al., 2014; Weaver et al., 2013; Xie et al., 2012) . Previous studies with advanced stage patients with glaucoma and macular degeneration (Bogorodzki et al., 2014; Boucard et al., 2009; Chen et al., 2013; Hernowo et al., 2014; Plank et al., 2011; Yu et al., 2014; Zikou et al., 2012) and blind participants (Anurova et al., 2014; Jiang et al., 2009; Pan et al., 2007; Park et al., 2009; Ptito et al., 2008) reported reduced gray matter volume in the occipital cortex.
Our study aimed to determine the effect of peripheral retinal loss in RP on brain function and structure using MRI. We studied retinotopic mapping representations and visual cortical thickness in V1 in a relatively large group of RP patients with different visual loss levels, and healthy participants with the same mean age and gender ratio.
We hypothesized that V1's cortical responses change in RP as a function of the magnitude of visual loss, while brain morphology is relatively intact early on since
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A C C E P T E D M A N U S C R I P T 6 patients are only partially deprived of visual experience. To our knowledge, this is the first study combining structural and functional brain investigations from low vision patients with the same pathology as a function of the magnitude of peripheral visual loss, thus facilitating the elucidation of possible mechanisms underlying adult brain reorganization.
MATERIALS AND METHODS
Participants
Forty-one individuals participated in this study: 14 with RP and 27 healthy or control participants. One patient and 5 control participants were excluded from our analysis.
Exclusion criteria were intracranial abnormalities, movement during MRI acquisitions (n=1), fixation instability (n=1), or visual alterations in control subjects (n=3) or visual alterations other than RP for patients (e.g. diabetic retinopathy or glaucoma, n=1).
Therefore, we included 13 RP individuals (8 males and 5 females; mean age 38.31±12.65 years; age range 20 to 66 years; 12 right-handed and 1 left-handed; selfreported symptoms age of onset ranged from 2 to 39 years, resulting in symptoms duration range of 6 to 42 years) and 22 control subjects (11 males and 11 females; mean age 38.45±12.29 years; age range 23 to 66 years; 21 right-handed and 1 left-handed).
A C C E P T E D M A N U S C R I P T 7 of Helsinki and was approved by the Ethics Commission of Faculty of Medicine of the University of Coimbra. Written informed consent was obtained from all participants.
Ophthalmological Assessment
For each participant, visual acuity was determined using a decimal chart and converted to logMAR scale (logarithm of Minimum Angle of Resolution) (Holladay, 1997 Figure 1 ). Testing was carried out with refractive correction and fixation was monitored in real time by the operator.
Patients with a visual field diameter less than 5 deg or visual acuity less than 0.2 (0.70 logMAR) in both eyes were excluded due to difficulty on fixation tasks during visual examinations and fMRI acquisition. Ophthalmological examinations were evaluated by an experienced ophthalmologist (EDS) to rule out eye disorders in the control group. for all RP patients and 1 control participant.
Brain Imaging Procedures
Scanning was performed on a 3 T scanner (Magneton TrioTim, Siemens AG, 
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A C C E P T E D M A N U S C R I P T 9 (EyeTracking Camera, NordicNeurolab, Norway). All anatomical images were evaluated by a neuroradiologist to exclude clinical alterations.
MRI Stimuli and Experimental Design
Stimuli were designed using Matlab 2011b (The MathWorks, Inc., USA) with Psychophysics Toolbox 3 extensions (http://psychtoolbox.org/). A central red-colored cross with 0.78 deg of diameter was used for fixation and no task was required from participants.
Eccentricity maps were obtained using a black and white flickering checkerboard expanding ring from the standard phase-encoded retinotopic mapping (Wandell et al., 2007) . Checkerboard ring size varied with cortical magnification factor from center to periphery (Duncan and Boynton, 2003; Strasburger et al., 2011) . Stimuli flickering frequency was 8 Hz and contrast was ~100%. Each run comprised 2 baseline blocks (~0% contrast; 12 s) at beginning and end of the run with 4 cycles of eccentricity stimuli (48 s each; total duration of a run 216 s). During each cycle of eccentricity stimuli, the ring size increased continuously from the center to the periphery. Two runs of eccentricity were acquired for each subject.
Structural and Functional MRI Data Processing
Brain imaging analysis was carried out using BrainVoyager QX 2.6.1 (Brain Innovation B. V., The Netherlands). The 2 high-resolution anatomical images were averaged to improve the signal-to-noise ratio. Anatomical volumes were re-oriented in relation to AC-PC plane and transformed to Talairach (TAL) coordinate system. Afterwards, the
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A C C E P T E D M A N U S C R I P T 10 cerebral cortex was segmented into the cerebral spinal fluid, gray matter, and white matter using automatic segmentation routines in order to create inflated mesh representations of each hemisphere (d'Almeida et al., 2013 Figure 1 ) and contains part of V1. The occipital pole was defined as the center of the cortical activation for Ring 1 for each participant. For some RP participants, the
A C C E P T E D M A N U S C R I P T The subcortical structures and the ventricles were filled as white-matter. After computation, cortical thickness maps were superimposed on cortical meshes and the mean cortical thickness values of the visual regions of interest were extracted using
Matlab BVQXtools toolbox extensions (http://support.brainvoyager.com/availabletools/52-matlab-tools-bvxqtools.html). The average cortical thickness of each hemisphere was also determined to account for variability among individuals.
Statistical Analysis
Statistical analysis was performed with IBM SPSS Statistics, Version 22 (IBM Corporation, USA). First, normality assumptions for all variables were tested using the (Bittner et al., 2011; Hamel, 2006; Hartong et al., 2006; Jacobson et al., 2010; Rangaswamy et al., 2010; Shintani et al., 2009; Van Soest et al., 1999) . RNFL thickness was unchanged and this result is supported by previous works reporting thinning, thickening or maintenance of RNFL in RP patients which is probably related to the level of peripheral degeneration (Oishi et al., 2013 (Oishi et al., , 2009 Walia et al., 2007; Walia and Fishman, 2008) . It is worth mentioning that two patients presented retinal edemas (RP 9 and RP 12), which may lead to an overestimation of the retinal and RNFL thickness.
RESULTS
Visual Examinations
Eccentricity Rings
No differences were found between the length of the calcarine sulcus between the studied RP and control groups [F (1,33) =4.50×10 -5 , NS], and there were no differences within-groups between the left and the right hemispheres [F (1,33) Figure 3 illustrates the increased cortical distance of both hemispheres in RP group for all eccentricity rings when compared to controls.
An additional analysis was conducted to test if patients with more severe visual loss levels presented more pronounced cortical remapping with increased cortical distances for eccentricity rings in V1. In this way, we divided the RP group into two subgroups depending on the visual field extent: RP A (patients RP 1 to RP 7) with less than 15 deg of visual field diameter and RP B (patients RP 8 to RP 13) with more than 
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T 16
Cortical Thickness
The Figure 4 represents the normalized cortical thickness in the FPZ and LPZ V1 regions in both hemispheres for all the studied groups.
DISCUSSION
We acquired brain data with MRI from thirteen RP patients with peripheral retinal (Hamel, 2006; Hartong et al., 2006) . Importantly, our eccentricity stimulus only covered a part of the peripheral visual field (23 deg of diameter) preventing the access of putative cortical remapping in more peripheral eccentricities in patients with larger visual field extents. Remaining peripheral islands of vision in some patients might also influence the differences among the studied groups.
Additionally, cortical responses resulting from the more peripheral rings seem to be reduced (see Figure 2) , suggesting weaker responses in RP patients. Moreover, some patients from the RP A subgroup with smaller visual field extent had no identifiable representations in the calcarine sulcus of the more peripheral rings. Our results differ to some extent from the previous studies (Goesaert et al., 2014; Masuda et al., 2010) with RP patients where authors found evidence of a conspicuous silent cortical zone matching patients' scotomata under passive viewing stimulation, consistent with the idea that remapping does not necessarily occur. However, the patients' visual field extent in that studies was larger than in our RP A group, ranging from 10 to16 deg, thus, cortical maps may have been more similar to the control participants because central vision was barely affected.
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The cortical modifications reported here may differ from the alterations in V1 cortical responses in relation to peripheral visual loss reported in glaucoma studies (Dai et al., 2012; Duncan et al., 2007a Duncan et al., , 2007b Engin et al., 2014; Lešták and Tintěra, 2011; Qing et al., 2010) . In glaucoma, retinal ganglion cell death affects the entire visual pathway through transsynaptic degeneration (Engelhorn et al., 2011; Engin et al., 2014; Gupta et al., 2009 ). Here, we found no evidence of RNFL degeneration, suggesting that retinal ganglion cells might be preserved in the RP group. Furthermore, V1 structure in the cortical region deprived of retinal input (LPZ) was preserved even in patients with more severe visual loss. Lešták et al., 2013; Masuda et al., 2008) , and the use of complex stimuli involving higher level areas (Liu et al., 2010) may also contribute to the controversy arising from the interpretation of results from macular degeneration studies (Baseler et al., 2009; Martins Rosa et al., 2013) .
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Our findings are consistent with the idea that neurons representing the remaining visual field may exert influence onto the partially deprived visual cortex in the RP group. The axonal sprouting and strengthening of long-range horizontal connections within V1 may lead to expansion and/or shifting of neuronal receptive fields into the cortical regions with altered retinal input. The inhibitory neuronal inputs inside the deprived visual cortex may be weakened, leading to an increase of excitatory horizontal connections with neurons in regions adjacent to the deprived region (Botelho et al., 2014; Butz and van Ooyen, 2013; Darian-Smith and Gilbert, 1995; Engel et al., 2015; Giannikopoulos and Eysel, 2006; Gilbert and Li, 2012; Marik et al., 2014; PascualLeone et al., 2005; Sammons and Keck, 2015; Shao et al., 2013; Wandell and Smirnakis, 2009; Yamahachi et al., 2009) . Some authors have suggested the use of an artificial scotoma to mimic the patients' visual field extent, to help elucidate the origin of remapping (Goesaert et al., 2014; Masuda et al., 2010) . Previous works applying central artificial scotomata in healthy participants (Barton and Brewer, 2015; Baseler et al., 2011b; Haak et al., 2012 ) reported a visual cortical remapping similar to the effects usually seen in patients. Given that we did not use this approach, two possible explanations remain possible to explain functional remapping in our group of patients: fast adaptation or long term reorganization mechanisms. It is possible that these visual cortical functional alterations may indeed result from a fast acting mechanism rather than a long-term reorganization process (Wandell and Smirnakis, 2009 (Lemos et al., 2016; Prins et al., 2016a) . 
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Previous studies with low vision patients with glaucoma and macular degeneration reported reduced gray matter volume in occipital cortex consistent with the visual field scotomata (Bogorodzki et al., 2014; Boucard et al., 2009; Burge et al., 2016; Chen et al., 2013; Gupta et al., 2006; Hernowo et al., 2014; Kitajima et al., 1997; Kitsos et al., 2009; Olivo et al., 2015; Plank et al., 2011; Prins et al., 2016a , 2016b Zikou et al., 2012) . Retinal ganglion cell degeneration in glaucoma, and also in macular degeneration after photoreceptors death, may cause transneuronal degeneration along visuo-cortical pathways, leading to neuronal atrophy in visual cortex. RP patients did not present RNFL thickness atrophy which is in line with the preservation of visual cortical thickness. Studies with early and late blind individuals have also provided evidence for gray matter volume reduction in visual cortex. In late blind individuals, visual cortex seems to present reduced surface area and unchanged or reduced cortical thickness due to disuse-driven mechanisms associated with changes in synaptic density, dendritic spine numbers and axonal arborization (Anurova et al., 2014; Jiang et al., 2009; Noppeney et al., 2005; Pan et al., 2007; Park et al., 2009; Ptito et al., 2008 ).
In our case, the functional remapping found in the primary visual cortex of RP group may have delayed the cortical degeneration effect of disuse-driven mechanisms in V1, preventing occipital cortical atrophy, or even leading to an increase in cortical thickness in FPZ for more severe visual loss cases. Indeed, the major functional and structural alterations in our study were found in left V1 for the RP A subgroup, the one with the most severe visual loss. In more advanced stages of RP disease with higher photoreceptor and retinal ganglion cells loss, disuse-driven mechanisms may overlap with functional processes, leading to the visual cortical atrophy pattern that is often seen in macular degeneration, glaucoma, and late-blindness.
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Study limitations
Patients demonstrated good fixation capacity inside the scanner when monitored with the eye-tracker camera but we cannot exclude that minor fixation instabilities might have added noise to the signal, although not having a major influence on activity pattern changes (Bressler and Silver, 2010; Crossland et al., 2008) . Although the sample is larger than other studies in the literature (Goesaert et al., 2014; Masuda et al., 2010) , the heterogeneity among patients should nevertheless be considered. RP is a rare disease and a few preselected patients were excluded because they had severe visual impairment, being unable to perform the required tasks. Our results support the need for future longitudinal studies with larger sample sizes and different disease stages in order to more clearly understand the impact of long-term peripheral retinal degeneration on visual cortical remapping (Lemos et al., 2016; Prins et al., 2016a) .
CONCLUSIONS
We identified retinotopic remapping in the absence of structural changes in primary visual cortex of patients with peripheral retinal degeneration. Remapping consisted in a retinotopic eccentricity shift of central retinal inputs to more peripheral locations in primary visual cortex and was associated with the extent of the visual loss, with more constricted visual fields resulting in larger remapping. It is possible that axonal sprouting and strengthening of long-range horizontal connections within primary visual cortex may lead to expansion and/or shifting of neuronal receptive fields into the cortical regions with altered retinal input, leading to cortical functional remapping.
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Future studies could clarify these mechanisms by using an artificial scotoma simulating the patients' visual field. In this way, we might be able to understand if short-term mechanisms might be sufficient to generate these changes instead of being derived by cortical reorganization mechanisms. Additionally, longitudinal studies to analyze the long-term effects of peripheral retinal degeneration on visual cortex are also warranted.
This study highlights the importance of analyzing the retinal determinants of brain functional and structural alterations to better understand plasticity mechanisms of visual cortex and future visual restoration approaches. 
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